INTRODUCTION
Surface settlements of the ground caused by open excavations, as in cut and cover methods, have become a serious problem, particularly in urban areas. Excavations are often accompanied by ground movements which, if exceeding allowable tolerances, may cause severe damage to the surrounding buildings, roads and utilities (Burland, 1995; Potts and Addenbroke, 1997) . Tunnel excavations, in particular, are very expensive civil construction works and detailed analyses which might help to better understand the problem, aiming cost reductions and W or safety enhancement, are always welcome.
In order to ensure that ground movements around the excavation site are limited in a practical and economic design, engineers should try to fully understanding the mechanisms of interaction between the surrounding soil and buried structures. Empirical experience based on good site characterization and extensive in situ instrumentation plays a very important role in understanding the behavior of tunnel excavations. However, good quality in situ tests are very expensive to be carried out and although much data from real cases are available, in many instances they are incomplete or applicable only for a restrict material and design. Results of well instrumented in situ tests may be found in the literature, such as in Kaalberg et al. (2005) . This knowledge obtained from in situ database can be greatly improved with the help of well controlled model tests and sound analyses of gathered data.
Laboratory model tests constitute excellent tools to gain further experience and insight about engineering problems. They help to isolate the in‰uence of the most important intervenient factors, such as the type of soil, type of structure, construction sequence and others. Model tests can be performed either under earth gravity (1 g tests) or in centrifuges, where gravity can be magnied by several folds. In both type of tests it is vital to pay attention to the similitude conditions if the results are expected to be extrapolated to real engineering works.
Centrifuge model tests of excavations have been published by several authors, such as Kusakabe (1982) , Kimura et al. (1994) , Takemura et al. (1999) , Jacobz et al. (2004) . The main advantage of centrifuge tests is their ability to impose stress levels closer to real ground conditions. However, there are not many centrifuges available because their facilities are expensive to construct, to maintain and to operate. On the other hand, the main advantage of 1 g model tests is that they are relatively inexpensive and easy to construct (Masrouri and Kastner, 1994; Nakai et al., 1999) . However, 1 g tests basically oŠer a qualitative knowledge of the problem and their results are di‹cult to extrapolate to real problems, due to the low level of stress applied. Also it has been said that the similitude of stress and strength can not be properly introduced in small scale gravity tests to simulate excavations in cohesive soils (Takemura et al., 1999) . The results of either centrifuge or 1 g laboratory tests must be carefully analyzed in order to infer the behavior of a real soil-structure interaction problem, because it is di‹cult to satisfy the similarity of every physical property between the prototype and the model.
Excavations are quite complex boundary value problems and a detailed analysis can only be achieved with the use of numerical tools, such as theˆnite element method. In this type of analyses it is fundamental to understand the behavior of each component of the system, including the structure, the soil-structure interface and above all the soils in the vicinity of the excavation. The importance of soil behavior in the overall performance of excavations is widely accepted (e.g., Nakai et al., 1999) .
Several constitutive models for soils have been proposed with diŠerent degrees of complexity and diŠer-ent degrees of success in reproducing the behavior of the soils, not necessarily proportional to their complexity. The behavior of soils is highly non-linear and depends on several factors, such as, the general three-dimensional stress state (including the intermediate principal stress), the density state and the load history (including loading, unloading and reloading). All these factors are present in real excavations. The clue to good modeling is to choose a model which incorporates the basic intervenient factors, without undue further complications, and that requires the smallest possible number of materials parameters, which are easy to obtain and have clear physical meaning (Muir-Wood, 2004 ). The recently proposed subloading tij model ) is one of such models and will be applied in the numerical analyses performed in this paper.
Once a constitutive has been elaborated and well checked in the basis of extensive laboratory tests on diŠerent types of materials under general stress conditions and if this model proves to be able to reproduce the observed behavior of a soil-structure interaction in controlled laboratory model tests, then it is assumed that it can also accurately predict the behavior of the problem under real ground conditions. This is the approach used in this paper. First a series of small scale model tests are performed to study the behavior of two diŠerent methods of braced excavations. Then numerical analyses of the model tests are performed using subloading tij model implemented in aˆnite element program and the results are compared with those obtained in the experiments. Predictions for the problem under real ground scale conditions were also performed, but are not presented here due to lack of space.
The methods used in real and model braced excavations are described in the next section.
CONSTRUCTION METHODS IN BRACED EXCAVATIONS
Open excavations for buildings and subways are temporary. They are laterˆlled with a structure which thereafter permanently retains the surrounding soil. In most cases, the walls of the excavation must be supported by a bracing system during the construction of the structure. In order to design the bracing and walls it is necessary to compute the earth pressures from the surrounding soil. Besides keeping the excavation stable, the construction method should be economical, should not allow large ground movements, and should avoid damaging other nearby structures. Wall pressures and ground movements are highly in‰uenced by the construction sequence (Nakai et al., 1996; Nakai et al., 1999) .
In order to determine the construction method for the semi-underground urban expressway of Higashi-Meihan toll road, not only the ordinary construction method using temporary walls and struts but also the alternative method, without temporary wall and struts, were examined by Japan Highway Public Corporation and the Japanese Society of Steel Construction (Nishimura, 2003) .
In the ordinary method, retaining walls are initially constructed in both sides of the excavation. These walls may be made with sheet piles (a continuous line of piles), panels (diaphragm walls), soldier beams and laggings and other variants. As the excavation advances, horizontal members called struts are placed across the excavation and generally wedged against horizontal beams (called wales ) placed against the wall (Lambe and Whitman, 1969) . Several lines of struts may be placed at diŠerent depths as the excavation proceeds, as shown in Fig. 1(a) . As the structure (tunnel, for instance) is built, the struts are removed. The walls also may be removed or left in place after the construction isˆnished, as shown in Fig. 1(b) . The dimensions in Fig. 1 correspond to those adopted in the project for the Higashi-Meihan toll road using the ordinary method.
In the case of tunnel construction, an alternative method, sometimes called inverted excavation, may be used. In this case, there are no struts. Before the surface excavation starts, the tunnel walls are built. The structure of the walls will function as the retaining walls for the excavation. The top of the tunnel is built after about 3 meters of soil have been excavated and the top slab is used to brace the excavation, as shown in Fig. 2(a) for the Higashi-Meihan toll road project. Then the structure is nished, incorporating the previous walls as shown in Fig. 2(b) . Theˆnal conˆguration is the same as in Fig. 1(b) , but the total excavation width required in this method is shorter than in the ordinary one.
The alternative method is supposedly cheaper, but unfortunately there is not much information concerning its behavior. Therefore, the Japanese Society of Steel Construction established an especial panel to study its behavior and a symposium about this problem was held in 2003. Nishimura (2003) presented an overview of the method and some aspects of the structural behavior of the bracing system in the symposium. Nakai (2003) also presented some preliminary results of 1 g laboratory test and their numerical analyses for the ordinary method and the alternative method. This research was further investigated in deeper details and some results are described here in this paper.
DESCRIPTION OF THE MODEL TESTS
Laboratory model tests provide an eŠective and inexpensive means of understanding, analyzing, and predicting the behavior of engineering structures. When modeling real structures it is always necessary to make simpliˆcations and the key point is to decide what can be disregarded yet preserving the overall behavior under investigation. The overall understanding can also be greatly improved if sound analyses of the model results are complementarily performed.
Here, laboratory models under normal gravity acceleration were devised to represent the two patterns of braced excavations described in the previous section. Both models used a two-dimensional apparatus developed in Nagoya Institute of Technology, Japan. The models are depicted in Figs. 3 and 4 for the ordinary and the alternative method, respectively.
The dimensions of the models and the materials were chosen trying to keep a similarity ratio in terms of length equal to 1 W 60 with respect to the real case illustrated in Figs. 1 and 2. According to the actual design options considered for construction, for the ordinary braced excavation, the real case would have a reinforced concrete wall with 18.50 m in length and a thickness of 0.32 m. For the alternative inverted excavation method the permanent wall would have the same length and about double the thickness (0.65 m) of the provisory wall used in the ordinary case. Therefore, the ‰exural stiŠness of the wall in the alternative case, both in real ground and laboratory conditions should be about 8 times larger than that for the wall in the ordinary case. In the laboratory tests, the wall and struts are made of aluminum. Tables 1  and 2 show the properties of the materials used for the ground, the retaining wall and the bracing beams in the cases of ordinary and alternative excavations, respectively. The ideal models represent the properties that should be adopted in laboratory if the materials used in the laboratory tests were chosen in such a way as to perfectly match the similarity ratios. The last line (lab model) shows the properties for the materials actually used in the model tests.
In both models the ground dimensions were 45 cm in height and 48 cm in length. The soil is simulated with a mass of 5 cm long aluminum rods having diameters of 1.6 mm and 3.0 mm, mixed in the ratio of 3:2 by weight. The rods were carefully placed across the model until the desired height was reached.
In the models, only half of the real excavation width between the two walls is adopted, since the real conditions are symmetric. The retaining wall is simulated with an aluminum plate on the left hand side. The centerline, for which the horizontal displacements are null, is simulated by a column of blocks in the right hand side. The The thickness of the left wall depends on the kind of experiment. In the ordinary case, walls are temporary and plates with 0.5 mm and 1 mm of thickness were used. In the case of the alternative method, plates with 1 mm and 2 mm of thickness were used, since the permanent walls should be stiŠer. Ten strain gauges, spaced 3 cm from each other, were glued on each side of the left walls. Thus the bending moments imposed during excavation could be registered and the corresponding earth pressures and left wall de‰ection could be evaluated. The right hand side boundary is composed by a pile of 15 blocks each one with 3 cm in height. The upper 13 blocks can slide on rollers bearings independently from each other and without friction. However, for these experiments, they were all keptˆxed since they represent the symmetry line of the excavation. The initial horizontal stress in the ground and the strut loads (in the ordinary model and the alternative model) are measured by load cells set up at the back of each block on the right-hand side.
In the ordinary method, three identical cylindrical aluminum bars are used to brace the excavation. These bars are 20 cm long, and have a diameter of 1 cm. Two kinds of tests were performed to analyze the in‰uence of the strut stiŠness on the movements of the wall and of the ground surface. Theˆrst kind of strut, shown in Fig. 5(a) , had a spring in the middle and its stiŠness is designated as K1. The second kind, shown in Fig. 5(b) , was a strut without spring and its stiŠness is designated as K2.
In the alternative method, the structure to brace the excavation was placed on the top layer of the aluminum mass. This structure was an aluminum beam, 29 cm in length, 6 cm in width, and 1.5 cm in thickness. It waŝ xed above the blocks on the right hand side so that only 17.5 cm was used to brace the excavation as shown in Fig. 6 . Before placement of the ground, the wall on the left hand side was also screwed to the top beam to prevent rotation, as also shown in Fig. 6 .
TEST PREPARATION AND EXCAVATION PROCEDURE
Before placing the aluminum rods that model the ground, wood walls were temporarilyˆxed on the back of the devices to avoid the fall of some rods and to guide the construction of an even ground. This wall was later removed before the beginning of the excavation.
The aluminum rods were carefully placed manually from the bottom to the top, trying to keep symmetry between the right and left sides. No force was applied during the placement of the aluminum rods, except for their own weight which is enough to generate a medium to dense ground.
The right side is part of the device boundary (middle of excavation or symmetry line) and the left wall was placed before the construction of the ground to avoid disturbing the initial geostatic conditions. For the ordinary method the left wall was placed when the ground level was at about half of theˆnal ground height and deep enough to hold the aluminum plate wall in place as shown in Fig. 7 .
After the mass of aluminum rods that simulate the ground were in place, all measurement instruments were initialized and the initial ground level and earth pressure were registered. Then the test was ready for the excavation procedure. Excavation was executed from the ground surface to the bottom by carefully removing the ground between the two retaining walls with the help of a ‰at scoop. After every 1.5 cm of excavation, the movements of the ground as a whole were registered by taking high resolution digital photography of the mass of aluminum rods. Ground surface settlements were measured with a laser type displacement transducer with an accuracy of 0.01 mm. The laser type displacement transducer moves continuously on a slide shaft mounted over the aluminum rod mass. The position of the laser type transducer is measured by a supersonic wave type transducer as illustrated in Figs. 3 and 4. All data of surface settlements and positions were automatically collected by a data logger connected to a personal computer. The logger also registers all the outputs from the strain gauges of the left hand side wall and the strut loads on the right hand side blocks.
In the alternative method, the walls are braced since the start of excavation, while in the ordinary method a number of strut lines are placed at speciˆc positions as the excavation advances. Three strut lines were used in these experiments. The depth of the strut line (zs) and the depth of the bottom of the excavation (zb), as well as the ratio between these values and the depth of the left retaining wall in the model (Ho＝30 cm) are shown in Table 3 . Horizontal rods (the wales) areˆxed to the left wall and to the blocks on the right hand side at the exact positions to hold the struts in place. In order to place the strut, the right hand side block is moved horizontally until perfect contact is accused by the block load cell. No tension is applied to the struts, which are free to rotate in the contact points. Figure 8 shows a photo of the test for the ordinary method after theˆrst stage of excavation and placement of theˆrst strut line.
The excavation continued until 24 cm of the mass of aluminum rods was removed. Figure 9 shows pictures of the both model tests at the end of excavation. After that, the data was loaded into a computer to be later analyzed. Here, the analyses were performed using the recently proposed subloading tij model. For the sake of completeness, a brief description of the model is given in the next section. For full details about this model the reader should refer to the original paper by .
BRIEF DESCRIPTION OF SUBLOADING tij MODEL
The subloading tij constitutive model , in spite of using a small number of parameters, can describe the following important features of soil behavior: a) in‰uence of the intermediate principal stress on the deformation and strength of soils; b) dependence between stress paths and the direction of plastic ‰ow; and c) in‰uence of density and conˆning pressure on the deformation and strength of soils.
The modiˆed stress tensor tij, introduced by Nakai and Mihara (1984) , is at the core of the model and it is based on the concepts of the Spatially Mobilized Plane (SMP) (Matsuoka and Nakai, 1974) and its modiˆed version SMP* (Nakai and Matsuoka, 1983) . A second order tensor, named aij, is deˆned in such a way that its principal values are the three components of the vector normal to the SMP, and the principal directions of aij are co-axial with the principal stress directions. Tensor tij is deˆned as: 
The normal and shear invariants (tN and tS) of tensor t ij , represent the normal and shear stresses acting on the SMP (sSMP and tSMP). Tensor tij accounts for the in‰uence of the intermediate stresses on the deformation and strength of soils. From a mathematical point of view, tij implies in a mapping of the conventional stresses to a modiˆed stress space. The ‰ow rule satisˆes normality in this new space. This results in a kind of non-associated ‰ow rule in the conventional stress space without requiring the explicit deˆnition of a diŠerent plastic potential function and without introducing any extra model parameters. Several publications conˆrm the potential capabilities of models based in tij concept when compared to conventional models (Nakai and Matsuoka, 1986; Nakai, 1989; Pedroso and Farias, 2003) .
In order to represent the interdependence between stress paths and the direction of plastic ‰ow, the plastic strain increment is divided into two components: one satisfying the associate ‰ow rule in the space of the modiˆed stress tij and the other, named isotropic compression component, is given by a function of the rate between the normal invariant increment and the size of the (subloading) yield surface. This last component is computed only when the increment of normal invariant tN is positive.
The in‰uence of density on the deformation and strength of soils is taken into account by deˆning two surfaces, as illustrated in Fig. 10 : one is the subloading surface and the other is the normal yield surface (Hashiguchi, 1980) . The current stress point, denoted by P in Fig. 10 , always lies on the inner subloading surface. The outer normal surface works as a loading memory and allows to quantify how dense or overconsolidated the point is. Upon unloading the normal yield surface remains stationary, while the subloading surface shrinks and only elastic strains occur. During reloading, elastic and plastic strains take place and both surfaces expand. However, the subloading surface expands at a faster rate and the current stress approaches its mirror or image stress P? on the normal surface as the point becomes normally consolidated. This feature avoids the typical discontinuity in the hardening evolution, which marks the transition between elastic and elasto-plastic strains in models with a single yield surface. It also allows the simulation of hysteresis during fully cyclic loading.
The sizes of the normal and subloading yield surfaces are measured by the mean stress values at the tip of these surfaces, denoted, respectively, by tN1e and tN1 in the modiˆed stress space depicted in the upper part of Fig. 10 . The ratio between the sizes of these two surfaces (tN1e W tN1) gives a measure of how much overconsolidated, in a broad sense, the current stress point is. Assuming a linear relation between the void ratio and the natural logarithm of the mean stress, the overconsolidation ratio can be expressed in terms of an alternative variable (r), or its value divided by (1＋eo) in order to have a strain-like hardening variable, deˆned as:
in which l and k are material parameters, related to the compression and swelling indices, and C p ＝(l-k) W (1＋ eo) is a measure of plastic volumetric compliance.
It can be seen from Fig. 10 that variable r gives a numerical measure of pre-consolidation, in terms of plastic void ratio diŠerence between the present state and the loosest density state (Normal Consolidation Line-NCL) at the same stress. This variable can be considered an additional internal hardening variable of the model for which an evolution law must be deˆned. This law should be such that the two yield surfaces approach each other as the material becomes normally consolidated. suggested that the evolution of r W (1＋e o ), which represents the change in density during plastic deformation, depends only on its present value and on the value of the conˆning pressure measured by the invariant tN, according to a general expression like:
in which L is the plastic multiplier and a is the only additional model parameter with respect to tij-clay model (Nakai and Matsuoka, 1986) . Here, the function G( r) should be an increasing function of r which satisˆes G(0)＝0, such as G( r)＝ar 2 . Parameter a controls the rate of convergence between the subloading and normal yield surfaces. The adoption of Eq. (3) allows subloading tij model to account for the in‰uence of the conˆning pressure (via t N ) and the density state ( r) on the behavior of soils, using a uniˆed set of material parameters.
Based on the unique stress ratio-dilatancy curve, Chowdhury and Nakai (1998) deduced the following expression for the yield function:
in which M * and b are model parameters, and tN1 is the stress-like hardening variable that measures the size of the yield surface. Parameter b controls the shape of the yield surface and M * is related to the friction angle (qCS) or to the ratio between the major and minor principal stresses at the critical state under triaxial compression (RCS). An expression similar to Eq. (4) may be written for the normal yield surface (F ), using the mirror stresses (P? in Fig. 10 ) and tN1e instead of tN1 for the size of this surface. However, the normal yield surface is not required for the deduction of the stress-strain relation and it is linked to the subloading surface via the internal variable r.
Further details about subloading tij model, including its re-interpretation and presentation of all equations necessary for its implementation may be found in Pedroso et al. (2005) . In the next section this constitutive model is applied to the analyses of the experimental data from the model tests with the two patterns of braced excavations previously described.
NUMERICAL SIMULATION OF THE TESTS WITH LABORATORY MODELS
Subloading tij model was implemented in aˆnite element program in Nagoya Institute of Technology. This program has been widely tested and applied to the solution of many practical geotechnical problems both in two and three dimensions (e.g., Nakai et al. The exact geometry of the models (48 cm×45 cm) was discretized using a series ofˆnite elements under plane strain conditions. Quadrilateral elements with four nodes and 2×2 Guassian integration were used to discretize the ground of aluminum rods. The mesh used for the simulation of the test with the new alternative of braced excavation is shown in Fig. 11 . The mesh for the ordinary tests is similar and has the same number of nodal points (2678) and elements (2618), but the excavation span is a little larger ( see the diŠerence of excavation spans in Figs. 1  and 2 ). All nodes in the left, bottom and right side of the mesh in Fig. 11 areˆxed in both horizontal and vertical directions. Joint elements were added along this entire contour to allow for possible movements as it might occur in the real models.
The behavior of the ground mass of aluminum rods was simulated using subloading tij model. The parameters of the mass for this model were obtained from the analyses of biaxial shear tests. The parameters are sum- ). The mass of aluminum rods behaves rather like a medium to dense granular soil, initially showing negative dilatancy followed by positive dilatancy. The friction angle between the aluminum mass and the device wall was also measured (d＝79 ) and used in the simulation of the joint elements with a simple elastoplastic model proposed by Nakai (1985) . Vertical beam elements with two nodes were used in the position of the left hand side retaining walls. A total of 40 elements were used along the 30 cm of length of the wall. The stiŠness of the beam elements were exactly the same as that of the plates used to simulate the walls in the ordinary and alternative tests. These values together with the ‰exural stiŠness (EI) and axial stiŠness (EA) are summarized in the line named``lab model'' in Tables 1  and 2 .
Bracing, either with struts in the ordinary method or with the top beam in the alternative method, was simulated with elastic supports, introduced exactly at the position of contact between the bracing and the retaining wall. The stiŠness of the rods (with and without springs) used as struts and the stiŠness of the top beam were determined in laboratory tests by imposing axial loads and measuring the corresponding displacements. The stiŠness of the elastic supports used in the numerical analyses are equal to the measured values divided by the eŠective width of the walls used in the models (5.0 cm) and are summarized in the line named``lab model'' in Tables 1  and 2 . The contact between the struts and the wall are punctual and the values in Tables 1 and 2 are directly attributed to the elastic supports at the corresponding nodes. However, the contact of the top beam in the alternative method is distributed of an area (1.5 cm high) spanning over the height of two elements (0.75 cm each). Therefore the stiŠness of the top beam (3.43×10 5 kN W m W cm) is distributed over the 3 top nodes of the wall in the following way: theˆrst and third nodes are attributed to 25z of the stiŠness and the second (middle) one gets 50z of the whole support stiŠness.
The analyses start with the generation of the initial geostatic ground condition. This is done by applying body forces equivalent to the unit weight of the aluminum rod mass (g＝20.4 kN W m 3 ). The analyses started from a nearly zero state and therefore the body load is applied incrementally in a number of very small load steps.
Excavation is simulated by deactivating the lines of elements between the retaining walls. Each line of element is 0.75 cm in height and overall 30 lines (22.5 cm) of elements are removed. When the elements are deactivated the out-of-balance forces are computed and applied to the boundary between excavated and remaining elements (Hsi and Small, 1992; Nakai et al., 1999) . The joint elements in the symmetry boundary of the right hand side are also deactivated.
Strut bracing is simulated by changing the boundary condition of the nodes in the contact between the struts and the walls, when the excavation reaches a given stage. The previously free nodes gain elastic supports and the stiŠness of the support is added to the global stiŠness matrix.
Since the main factors of structural stiŠness aŠecting the ground behavior in the braced excavation is the ‰exural stiŠness of the wall and the stiŠness of the bracing (or struts), attention is paid to these factors in the model tests and the corresponding numerical simulations. The ‰exural stiŠness of the aluminum wall with 1.0 mm thickness in the ordinary excavation model test (7.03× 10 -5 kN W m 2 W cm) is fairly close to those of the``ideal model'' (4.61×10 -5 kN W m 2 W cm) which is calculated from the real case considering its similarity ratio. Further, the ‰exural stiŠness of the wall in the alternative excavation method is 7.7 times as large as that in the ordinary excavation method, so that the wall with 2.0 mm thick- ness is preferable in the alternative excavation model test, because the ‰exural stiŠness of the wall with 2.0 mm thickness is 8 times as large as that of the wall with 1.0 mm thickness. The stiŠness of the struts with springs (K1＝2.95 kN W m W cm) in the ordinary excavation model test is smaller than that of the``ideal model'' (13.56 kN W m W cm). Therefore, the ordinary excavation model test using stiŠ struts without springs (K2＝2.76×10 3 kN W m W cm), which is considered almost rigid in the stress level of the model test, was carried out as well. In the alternative excavation method, both stiŠness of the top beam for thè`i deal model'' (4.57×10 2 kN W m W cm) and the``lab model'' (3.43×10 5 kN W m W cm) can be also considered almost rigid in the stress level of the model test. In addition, for discussing the in‰uence of the wall stiŠness on the ground behavior, model tests and the corresponding analyses were also performed for thinner walls (wall thickness: t＝0.5 mm in the ordinary method and t＝1.0 mm in the alternative method), whose ‰exural stiŠnesses are 1 W 8 of the previous ones.
COMPARISON BETWEEN NUMERICAL AND EXPERIMENTAL RESULTS
The results of laboratory test with the two models are shown and compared to the numerical predictions in this section. The results will be discussed in terms of wall de‰ections, wall bending moments, struts loads and superˆcial ground settlements. Regarding the ‰exural stiŠness, two series of model tests results and analyses are presented: in``Series I'', the thickness of the model walls is 1.0 mm in the ordinary method and 2.0 mm in the alternative method, while in``Series II'', the 0.5 mm thick wall in ordinary method and 1.0 mm thick wall in alternative method are used. Figures 13 and 14 show the results of wall de‰ections observed for the model tests in the upper part and the corresponding numerical simulations in the lower part. The leftˆgures, (a) and (b), relate to the results for the alternative method. The intermediateˆgures, (c) and (d), relate to the ordinary method using struts with springs for which the stiŠness was K＝K1＝2.92 kN W m W cm. The rightˆgures, (e) and (f), relate to the ordinary method with stiŠer struts (K＝K2＝2. Comparing the observed displacements in the upper part of theˆgures with the numerical simulation in the lower part, there is a good overall agreement in each series. Nevertheless, there is some discrepancy at the top of the wall. Some rotation can be observed in this region for the alternative excavation method, and also some displacement at the top can be observed in the laboratory tests for the ordinary method. However, the numerical analyses did not reproduce these patterns. The elastic support simulation produced a much stiŠer behavior in the bar direction than observed in the experiments. This can also be observed when comparing the results for the tive method increase rapidly due to the lack of bracing and little wall embedment.
Wall De‰ections

Bending Moments
The observed and compute bending moments in Series I and Series II are shown in Figs. 15 and 16 , respectively. The overall quantitative and qualitative agreement is quite good. Bending moments for the ordinary method are smaller than for the alternative inverted excavation method. This is because the bracing struts are better distributed in the ordinary method, thus implying in smaller moment arms.
For the alternative method, the moments increase rapidly after the excavation depth reaches d W Ho＝0.4. Computed moments in the top of the wall are negative due to the reaction forces exerted by the support. As the excavation proceeds, reaction and negative bending moments increase in the top of the wall, while gradually decreasing and eventually reverting with depth due to the action of the active earth pressures in the left hand side of the walls. Below the bottom of the excavation, bending moments revert again due to the action of the passive earth pressures in the right hand side, which eventually surpasses the eŠects of the active pressures. At the lower tip of the wall, bending moments became null again. It is also seen that though the shape of the bending moment distribution is independent of the wall thickness, the magnitude of the bending moment is much in‰uenced by the wall thickness. Thicker walls prevent de‰ection but increase the bending moment in every case.
Axial Force in Top Beam and Struts
Figures 17 and 18, respectively, show the results of axial forces at the top beam in the alternative method and at the struts in the ordinary method. The axial forces are shown in the ordinates against the normalized excavation depth (divided by the wall height, Ho＝30 cm) in the abscissas. In theseˆgures, zS is the depth at which the strut was inserted. Each line represents a diŠerent strut. The match between the observed and computed results is very good, especially for the ordinary method. The qualitative trend is the same, although the computed values tend to be somewhat larger due to the stiŠer behavior of the elastic supports. This pattern had already been observed in the wall de‰ections as well.
For the alternative method, the axial forces in the beam increase quadratically with the excavation depth. In the measured results there is a clear in‰ection point after d W Ho＝0.4, beyond which the strut loads increase faster. The numerical analyses did not capture this in‰ection point precisely, although they could predict larger beam loads for deeper excavations. For the ordinary method, the loads in a strut already in place either decrease or increase at a lower rate, after a new strut is put in place. There is a remarkable reduction of axial force in the existing strut and a sharp increase in the successive strut in the case of the ordinary method with stiŠ wall and stiŠ struts (t＝1 mm, K2). These patterns were qualitatively reproduced in the numerical analyses. Figures 19 and 20 show the results of surface settlements, both for the model tests as well as for the calculations simulating the model tests, in Series I and Series II, respectively. The abscissa axis represents the horizontal distance from the left wall, and the ordinates show the Looking at the measured settlement values it is interesting to observe initially that the magnitude of the maximum settlement corresponds generally to the magnitude of the maximum wall de‰ections shown in Figs. 13 and  14 .
Surface Settlements
The alternative method resulted in smaller surface settlement than the ordinary one comparing the two of them in every series. The settlements in the alternative method are very small up to an excavation depth of d W Ho＝0.4. After that the settlements in the alternative method increase rapidly, but even so theˆnal settlements are smaller than in the ordinary method. As for the wall de‰ections in the ordinary method, the strut stiŠness did not in‰uence much the surface settlements except for the case with stiŠ wall and stiŠ struts (t＝1 mm, K2). Also, the thicker wall and stiŠer top beam of the alternative method seem to be more eŠective in reducing surface settlements, although the costs of such structures have to be analyzed.
However, the observed settlement patterns are slightly diŠerent: the ordinary method shows a concentration of settlements near the wall, whereas in the alternative Comparing the results observed in the model test and the results from the FEM calculation, the overall agreement was just reasonable. Near the wall, the settlements obtained in the calculations were somewhat smaller than in the model tests. A possible cause may be due to the friction angle of the joint elements used in the numerical analyses which might have been a little high, thus preventing the settlements in this region. However a more plausible explanation may be related to the stiŠness of the elastic support used in the analyses, which prevent wall movement at the top as already discussed in the session about wall de‰ections.
Also, at a normalized distance of x W Ho＝0.95, the settlements in the model test have almost ceased, while in the numerical simulations this pattern was not reproduced. Attempts were made to correct this calculated pattern by using joint elements around the mesh simulating the experiment conditions, but this did not solve the problem.
CONCLUSIONS
This paper presented the results of model tests for open excavations and their respective numerical simulations keeping similarity with the model tests. Both, model tests and analyses, were carried out under two-dimensional plane strain conditions. The main objective was to analyze two diŠerent options of construction methods: the ordinary method, using struts; and an alternative method, using thicker walls and the upper beam to brace the excavation.
In general the agreement between the model test and the numerical simulations was very good both qualitatively and quantitatively. The numerical simulations could reproduce the values and patterns of wall de‰ec-tions, bending moments, axial loads and surface settlements (to a lesser extent).
The wall de‰ection modes are quite diŠerent for the two excavation methods. In the alternative method, the top beam prevented the wall from translating, while higher de‰ections are observed in the top of the wall in the ordinary method. These de‰ection modes were well captured in the numerical analyses. However, there were small diŠerences in the behavior near the region where the supports were placed. These diŠerences may be related to the stiŠness adopted in the elastic supports in theˆnite element simulations.
The magnitude of the maximum observed settlements corresponded generally to the magnitude of the wall de‰ections, both in the experiments as well as in theˆnite element simulations. The surface settlement values and patterns seem to be highly in‰uenced by the wall de‰ec-tion modes. The surface settlements induced by the excavation with the alternative method were smaller than those obtained for the ordinary method. The de‰ections at the top of the wall have a high impact in the surface settlement. Therefore the stiŠer wall and the support provided by the top beam in the alternative method are more eŠective in reducing surface settlements than the conventional struts.
The computed settlements showed only a reasonable agreement with the observed model tests results. The settlement trough for theˆnite element analyses extended further than in the model tests which showed almost null settlement at a distance of one wall height from the wall. This is an aspect to be investigated in future numerical analyses.
The bending moments in the wall when excavation is performed using the alternative method are much higher than those obtained with the ordinary method. This is due to the better distribution of the supports provided by the multiple strut levels, which reduces moment arms.
The overall values and patterns of bending moments were very well reproduced in the numerical analyses.
Theˆnite element simulations could also precisely match the load distribution for the three struts in the ordinary method, both with respect to the magnitude and evolution as the excavation proceeded. The simulation of the normal load in the top beam of the alternative method was also in good qualitative agreement, although the computed loads were higher than those observed, which indicates a stiŠer response of the supports used in theˆnite element model.
The results from both model tests and numerical analyses shows that the alternative inverted excavation method may be a viable project choice. The cost of building a rigid wall and a stiŠ upper beam, as support, should be analyzed. Excavations should not induce excessive settlements which could cause severe damage to the surrounding buildings, roads and utilities. However, besides limiting ground movements the constructive method should also be cost eŠective.
Finally, the subloading tij model proved to be an excellent constitutive model to simulate the behavior observed during the experiments and also under real ground conditions. Predictions for full scale excavations were also performed and the results (to be published later) are in accordance with the observations from the model tests presented here. The stress level in the model tests is very low due to the small dimension of the equipment. Nevertheless, even in such conditions, the subloading tij model reproduced the model behavior with outstanding agreement. This characteristic is due to the incorporation of the subloading concept together with the adoption of a suitable evolution law for the internal variables which includes the eŠects of both density and conˆning pressure. This allows the use of a single uniˆed set of material parameters that describe properly the material behavior over a wide range of stress levels.
The conclusions presented here are valid for the cases analyzed, which tried to represent the conditions of the model tests as closely as possible. On the other hand the model tests were devised to investigate two design options and kept the similitude conditions to the real projects, thus limiting the number of laboratory tests.
Although the tests were carried out using aluminum rods, numerical analyses were also carried using real ground scale and parameters for both sand and clay soils. The results of these analyses also support the previous conclusions. These analyses simulated simpliˆed construction conditions, but other aspects observed in real construction, such as the previous application of compression loads to the support struts in the ordinary design method or the shrinkage of real concrete beams (or actually slabs) in the case of the alternative method, can be easily incorporated into the numerical analyses.
It remains to be checked if the predictions here presented match the real scale behavior if and when the results of instrumentation data for such structures are made available.
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